A recent publication from this laboratory1 described the inhibitory effect of certain aromatics on the replication of single-stranded RNA2 and DNA bacterial viruses using the isolated nucleic acid as the infectious agent. At the same time, it was observed that most of the aromatics that exhibited this effect were also carcinogenic. The viral replication response to hydrocarbons requires the use of infected bacterial spheroplasts; no effect is observed with intact infected bacteria. Although the mechanism by which the aromatics exert their inhibitory influence is unclear, it appears that the active hydrocarbons do not inhibit the infectious process itself or the release of newly formed viruses, nor do they induce new enzymes inhibitory for viral production.
cells were sedimented in the cold by centrifugation and then resuspended in 20 ml of the modified cold PAM medium without chloramphenicol. These infected spheroplasts were used directly for testing the hydrocarbon response (see below).
Preparation of noninfected spheroplasts: E. coli K12W1485 were converted to spheroplasts with lysozyme and EDTA as previously described,' except that 0.20 ml of 0.25 M Tris, pH 8.1, was substituted for bovine serum albumin during the lysozyme-EDTA treatment and the spheroplasts were used almost immediately after preparation, instead of standing for 1 hr at room temperature.
Hydrocarbon additions to spheroplasts and viral assay: Stock solutions of hydrocarbon were 1476 BIOCHEMISTRY: HSU ET AL. PROC. N. A. S. prepared in dimethylformamide. Appropriate dilutions of the aromatic solutions were made in PAM medium for addition to spheroplasts; the dimethylformamide concentration did not exceed 0.4%O in the final assay system. Control assays (no hydrocarbon) contained the same amount of solvent. For the "CA method" of infection, the hydrocarbon suspension was added to an appropriate quantity of infected spheroplasts and then incubated at 300. After certain times of incubation, cells were removed and lysed by shaking with 3XD medium containing CHC13 and 0.01 M NaCN. They were then assayed for phage titer by the agar layer techniques The indicator bacteria used for the different phages were the strains of E. coli on which the viruses had been grown. For all assays, the tubes containing the infectious mixtures were wrapped in aluminum foil to exclude light.
Studies with radioactive substrates: For studies on C'4-uracil and C'4-amino acid incorporation into nucleic acid and protein, the labeled compounds were added to spheroplasts, and the cells were then treated at appropriate times with 5% trichloroacetic acid. For RNA determinations, the cold-precipitable material was collected by centrifugation, washed several times with cold acid, and then collected on Millipore filters, dried, and counted. For protein determinations, the acid-precipitable material was treated in a similar manner, except that it was also subjected to heating at 90°for 20 min in 5% acid before isotope determination. Viral RNA polymerase: Cells of the lysis-inhibited male strain of E. coli C3000 were infected with MS2 phage and converted to spheroplasts by the "CA method" described above. The cells were diluted twofold with PAM medium, and, after gentle shaking for 60 min at 30°in the presence or absence of hydrocarbon, collected by centrifugation, rinsed once with 10% sucrose, lysed in a hypotonic medium containing 0.01 M Tris (pH 8.1), 0.01 M mercaptoethanol, and 0.001 M EDTA and centrifuged at 30,000 X g. The supernatant collected after centrifugation was assayed for its ability to catalyze the RNA-dependent synthesis of RNA as described by Lodish, Cooper, and Zinder.7
Radioactive uracil-2-C'4 was purchased from Schwarz BioResearch, Inc.; C'4-amino acids were obtained from New England Nuclear Corp.; actinomycin D was a gift from Merck and Co., Inc.
Results.-The effect of aromatics on single-stranded RNA and DNA phage replication: Table 1 shows the effect of various polycyclic aromatic hydrocarbons on the replication of MS2 and 4X174 when infected spheroplasts are prepared by the "CA method." It may be seen that certain aromatics strongly inhibit virus production, while others have little or no effect. Except for the aromatic 1,12-DMBA, which is noncarcinogenic in rat, those hydrocarbons that strongly suppress Viral replication also exhibit biological activity in higher organisms. The reverse correlation is equally impressive; hydrocarbons that are inactive as viral inhibitors are also in- Infectious spheroplasts were prepared by the "CA method." The hydrocarbon assay mixture contained 0.1 ml of the infected spheroplast preparation (see Methods) and 0.9 ml of PAM medium containing 20 pg of the appropriate hydrocarbon as indicated above. After incubation at 300 for 3 active as carcinogenic inducers. These results are similar to those reported previously, when the isolated viral nucleic acids instead of the intact bacteriophage were used as the infecting agents. I Single-burst experiments were performed with MS2-infected cells to determine what proportion of the cells still produce virus in the presence of 7,12-DMBA, and whether the efficiency of virus production is altered. These experiments indicate that in the presence of 7,12-DMBA less than half of the infected cells give rise to phage, and the viral burst size per infected bacteria which do produce virus is also lower by a factor of more than two. The over-all hydrocarbon inhibition on plaque yield, therefore, results from a combination of these two effects.
Protection against the 7,12-DMBA response: When E. coli spheroplasts are pretreated with certain aromatics prior to exposure to 7,12-DMBA, the viral inhibition response is partially masked ( Table 2 ). The aromatics that partially block the 7,12-DMBA inhibition appear to be those that are not inhibitors themselves and they are not carcinogenic in rat. Remarkably, in one instance when benz(a)anthracene was added after 7,12-DMBA preincubation, protection against viral inhibition was also observed. These results suggest some type of reversible competition between the aromatics for the active sites responsible for bacteriophage replication.
The protection phenomenon by various aromatics on 7,12-DMBA-induced viral inhibition is extremely interesting, since a similar effect has been reported for DMBAinduced cancers in rats.8. 9 Viral nucleic acid synthesis: MS2 RNA synthesis was observed by determining the rate of C14-uracil incorporation into acid-insoluble material in the presence of actinomycin D (Fig. 1) . The antibiotic was included in the infected spheroplast mixture to suppress the DNA-directed RNA synthesis of the host; its effectiveness is demonstrated by the low level of uracil incorporation obtained with noninfected cells. On the other hand, MS2-infected cells show an active incorporation of labeled uracil into the RNA fraction in the presence of actinomycin D, suggesting that the rate of this incorporation reflects the rate of viral RNA synthesis. Under the same conditions, 7,12-DMBA lowers the rate of uracil incorporation. Assays for the appearance of infectious RNA throughout the period of viral development also indicate that the rate and extent of viral RNA synthesis are similarly suppressed by of phage antiserum to samples of phage antigen (serum-blocking material), and, after antiserum-antigen interaction, assaying for unreacted antiserum by its ability to inactivate a known quantity of test phage. The extent of test phage survival reflects the amount of unreacted antiserum and provides an indirect measure of the quantity of antigen (viral protein) in the unknown samples. Table  3 shows that in the absence of hydrocarbon, or in the presence of benz(a)anthracene, a sufficient amount of viral protein is made 60 min after MS2 infection, which almost completely "blocks" the inactivation of test phage by the antiserum. In the presence of 7,12-DMBA, no appreciable phage antigen is synthesized 60 min after infection since the test phage is inactivated to nearly the same extent as the controls (zero time) where no phage antigen is present." Similar results were obtained when the cells were lysed 2 hr after infection.
The effect of aromatics on the replication of double-stranded DNA viruses: The "CA method" of preparing infected spheroplasts allows an examination of the hydrocarbon response to double-stranded as well as single-stranded viral replication. If the inhibition of bacteriophage replication by aromatics is a general phenomenon, one would expect the replication of all viruses to be similarly affected. Table 4 shows the effect of the hydrocarbons previously examined on the replication of the double-stranded bacteriophages X and T4. The results indicate that some of the aromatics that were strong inhibitors for the single-stranded viruses now appear to be either less effective (i.e., 7,12-DMBA and 1,12-DMBA), or show little significant activity (i.e., 6,8-DMBA and 6-1BA). The previous correlation between hydrocarbons active as viral inhibitors and those active as carcinogens no longer seems to hold when the double-stranded viruses are employed as the infecting agents.
The influence of aromatics on host nucleic acid and protein synthesis: In a previous communication,' we indicated that the aromatics exerted no observable ef- Spheroplasts infected with X and T4 phage were prepared by the CA method. The assay mixtures and conditions were the same as indicated in Table 1 , except that the incubation time of the infectious hydrocarbon mixtures were for 2 hr. * +, Produces sarcoma when 2.5 mg of hydrocarbon in 0.5 ml of sesame oil is injected in muscle of rat.
fects on nucleic acid and protein synthesis in E. coli spheroplasts. Since the assembly of viral constituents involves the use of the host's biochemical machinery, it seemed important to confirm these findings. When spheroplasts were used immediately after preparation, instead of after standing for a few hours as in the earlier studies, 7,12-DMBA (but not benz(a)anthracene) significantly lowered C14-uracil and C'4-leucine incorporation into an acid-precipitable fraction (Fig. 4) .
Many different experiments with E. coli spheroplasts now confirm this observation and can be summarized as follows: (1) me per mmole). The mixture was incubated at 30 and precursors and MS2 antiserum at various times 0.2-ml samples were withdrawn and the suggest that hydrocarbon ilabel content of the acid-precipitable fraction was deter-hibition of MS2 replication inmined as described under Methodvrs volves a reduction in the rate and extent of viral nucleic acid and protein synthesis. The reduced level of viral RNA polymerase in the presence of 7,12-DMBA offers a possible explanation for the lower rate of MS2 RNA synthesis, although the mechanism by which the hydrocarbon reduces this activity cannot be ascertained from these experiments. The net result of the hydrocarbon action appears to be an inhibition in the number of infected cells producing virus, and a lowering of the viral burst size for those cells that do produce virus. It should be pointed out that our assays for de novo virus synthesis detect only those viruses that are infectious; defective viruses would not be scored. Since a large number of infected spheroplasts appear to produce no phage in the presence of active hydrocarbons, the question may be raised whether 7,12-DMBA is lethal to the host cell. Titration experiments with penicillin spheroplasts, which are also sensitive to 7,12-DMBA and which can revert to whole cells after removal of the antibiotic, show no detectable decrease in potential colony formers in the presence of 7,12-DI\MBA.
In view of our present finding that the active hydrocarbons also reduce the efficiency of the host's biochemical machinery to synthesize nucleotides, nucleic acids,
